Abstract. Solar transient activities such as solar flares, disappearing filaments, and coronal mass ejections (CMEs) are solar manifestations of interplanetary (IP) disturbances. Forecasting the arrival time at the near Earth space of the associated interplanetary shocks following these solar disturbances is an important aspect in space weather forecasting because the shock arrival usually marks the geomagnetic storm sudden commencement (SSC) when the IMF Bz component is appropriately southward and/or the solar wind dynamic pressure behind the shock is sufficiently large. Combining the analytical study for the propagation of the blast wave from a point source in a moving, steady-state, medium with variable density (Wei, 1982; Wei and Dryer, 1991) with the energy estimation method in the ISPM model Dryer, 1990, 1995) , we present a new shock propagation model (called SPM below) for predicting the arrival time of interplanetary shocks at Earth. The duration of the X-ray flare, the initial shock speed and the total energy of the transient event are used for predicting the arrival of the associated shocks in our model. Especially, the background speed, i.e., the convection effect of the solar wind is considered in this model. Applying this model to 165 solar events during the periods of January 1979 to October 1989 and February 1997 to August 2002, we found that our model could be practically equivalent to the prevalent models of STOA, ISPM and HAFv.2 in forecasting the shock arrival time. The absolute error in the transit time in our model is not larger than those of the other three models for the same sample events. Also, the prediction test shows that the relative error of our model is ≤10% for 27.88% of all events, ≤30% for 71.52%, and ≤50% for 85.46%, which is comparable to the relative errors of the other models. These results might demonstrate a potential capability of our model in terms of real-time forecasting.
Introduction
It is well known that various kinds of solar transient activities such as solar flares, disappearing filaments, and coronal mass ejections (CMEs) are responsible for strong interplanetary (IP) disturbances and corresponding non-recurrent geomagnetic disturbances. The IP shocks in the solar wind plasma associated with CMEs, solar flares, and stream-stream interactions herald the initiation of geomagnetic storms if sufficiently long and sufficiently large-magnitude southward components of the interplanetary magnetic field exist following the shocks (Dryer, 1994) . Therefore, predicting the arrival times of these IP shocks at the near Earth space with enough lead time has become a crucial aspect in space weather forecasting. Several models aimed at forecasting the arrival time of IP shocks at 1 AU have been developed, to list a few, such as the shock time of arrival model (STOA), the interplanetary shock propagation model (ISPM) and the modified Hakamada-Akasofu-Fry/version-2 (HAFv.2) model. These three models have been widely used in real-time prediction of the arrival time and the comparison between the results of our new method with those obtained from them will be presented in this paper. Thus, brief description for the models of STOA, ISMP, and HAFv.2 is given later.
The STOA model is based on similarity theory of blast waves, modified by the piston-driven concept, which emanate from point explosions (Dryer, 1974; Dryer and Smart, 1984; Smart et al., 1984 Smart et al., , 1986 Smart and Shea, 1985; Lewis and Dryer, 1987) . In this model, the initial explosion (flare) drives a shock and the shock is assumed to have a constant speed (V s ) for a specified length of time τ that is estimated using the X-ray duration of the flare. Then the shock decelerates to a blast wave as it expands outwards with V s ∼ R −1/2 (where R is the heliocentric radial distance). The magnitude of the total energy released determines the solid angle of quasi-spherical shock propagation as well as how far a particular shock will propagate as it "rides over" a uniform background solar wind. The fastest part of the shock is believed to be nearly coincident with the radius vector from the center of the Sun through the flare site. The shock speed directly above the flare is calculated from the type II radio frequency drift rate based on an assumed coronal density model. STOA uses a cosine function to account for the longitudinal dependence of the shock geometry in the ecliptic plane. The shock speed is supposed to decrease from maximum in the direction of the flare via this cosine function to provide a nonspherical shape in longitude. This spatially-dependent shock speed is taken to be constant during the piston-driving phase, and the longitudinal cosine function is maintained during the decelerating blast wave phase. STOA considers a radially variable background solar wind speed through which the shock propagates, and this background solar wind speed is estimated from the solar wind velocity V sw measured at L1 at the time of the flare. Required observational data of STOA are as follows: solar flare longitude; start time of the metric type II radio burst; the initial shock speed; the duration of the X-ray flare; and V sw . Beside the arrival time of the shock at any point in the ecliptic plane (referring to Earth in this paper), STOA can provide the shock's Alfvén Mach number Ma as an indicator of the expected shock strength.
The ISPM is based on a 2.5D MHD parametric study of numerically simulated shocks that shows the organizing parameter to be the net energy input to the solar wind Dryer, 1990, 1995) . If the net energy injected into the solar wind by a solar event and the source's longitude are known, then the transit time and strength of the shocks at 1 AU can be computed from algebraic equations in this model. However, the energy released by a solar event cannot be measured directly. A method is given in ISPM to estimate the net input energy from proxy input data. The same observational data as STOA used are employed in ISPM except for the L1 background solar wind speed V sw . Instead, ISPM selects a fixed radial solar wind profile with V sw = 340 km s −1 at 1 AU. ISPM also provides the shock strength index (SSI), computed from the logarithm (base 10) of the normalized dynamic pressure jump, as an indicator of confidence of the prediction.
The HAFv.2 model is a "modified kinematic" solar wind model that calculates the solar wind speed, density, magnetic field, and dynamic pressure as a function of time and location (Fry et al., 2001 (Fry et al., , 2004 . This model has significant advantages over other shock propagation models because it gives a global picture of multiple and interacting shocks that propagate into nonuniform, stream-stream interacting solar wind flows. Specifically, the radial magnetic field at the source surface R = 2.5R s , and the solar wind speed obtained from the prediction method by Arge and Pizzo (2000) , are used as an input to HAFv.2. Disturbance energy is made manifest by enhanced solar wind speed at the source surface. HAFv.2 generally uses the same observational inputs as STOA and ISPM but differs from them in considering the background solar wind. That is, realistic inner boundary conditions determine the background solar wind flow and IMF topology in this model. And these data are derived from synoptic solar source surface maps and calculations of the magnetic flux divergence. As for output, HAFv.2 predicts the solar wind speed, density, dynamic pressure, and IMF vector at any point in the heliosphere with time. A Shock Searching Index (SSI H ) is computed at L1, and a predicted shock arrival time is given when this index exceeds an empirical threshold value.
The performances of the above three models have been tested and the comparative study revealed that the performances of these three models were practically identical in forecasting the shock arrival time (McKenna-Lawlor et al., 2002; Fry et al., 2003; Cho et al., 2003; McKenna-Lawlor et al., 2006) .
It may be noticed that other methods have also been developed to predict the arrival time of a solar disturbance at Earth. Gopalswamy et al. (2000 Gopalswamy et al. ( , 2001 ) gave an empirical model to predict the arrival time of a CME based on its speed observed with the coronagraph. This model was extended to predict the IP shock arrival at Earth by using the piston-shock relationship between the CME speed and the speed of the shock ahead of the CME (Gopalswamy et al., 2005) . By combining the observations of solar activity, interplanetary scintillation (IPS), and geomagnetic disturbance observations together with the dynamics of solar wind storm propagation (S) and fuzzy mathematics (F), Wei and his coworkers (Wei and Cai, 1990; Wei, Xu, and Feng, 2002; Wei, Cai, and Feng, 2003; Wei et al., 2005 ) gave a new "ISF" prediction method for geomagnetic disturbances caused by solar wind storms traveling to Earth. Manoharan et al. (2004) provided an empirical method to predict the IP shock transit time to 1 AU based on the CME initial speed. Schwenn et al. (2005) presented a prediction function of the shock's arrival time at Earth by fitting the transit time with the lateral expansion speed of the CME. Anyway, the prediction of the arrival time of solar disturbances is an interesting topic in space weather. Besides the methods given earlier, there are still many other methods left unmentioned. Here we are not aiming at exhausting all the methods of this aspect.
The paper is organized as follows. In Section 2, the analytical solutions on the propagation of the blast wave from a point source in a moving medium with variable density (Wei, 1982; Wei and Dryer, 1991) are presented. The method to estimate the net energy of a solar event is discussed. Then a new shock propagation model (SPM) is put forward, and a set of 165 solar events as training data are used to evaluate and improve the performance of the SPM model. In Section 3, the comparisons of prediction results between our model and the models of STOA, ISPM, and HAFv.2 are presented. Conclusions are given in Section 4.
Shock Propagation Model

ANALYTICAL SOLUTIONS OF BLAST WAVES
This section recalls Wei's nonsimilarity theory on analytical solutions to the propagation of the blast wave. Wei and his coworkers (Wei, 1982; Wei, Yang, and Zhang, 1983 ) studied theoretically the propagation of the blast wave from a point source in a moving, steady-state, medium with variable density, and got some analytical solutions. In order for our paper to be self-contained, we will give some details of the derivation of their analytical solution. They started from the basic equations of ideal fluid dynamics under a spherically symmetric hypothesis:
Dimensionless variables, such as e.g. x = r/R, y = u 0 /V s , f = u/V s , are introduced, and the previous equations are rewritten into dimensionless forms. Here V s = dR/dt is the shock speed, R is the radial distance (in AU) to which the shock has propagated, and u 0 is the background solar wind speed. Wei (1982) and Wei, Yang, and Zhang (1983) solved the equations after modifying Sedov's classical similarity theory for the blast waves to include a steady-state, background solar wind velocity u 0 . In this spherically symmetric model, the energy released by the 171 point blast into the background solar wind is supposed to be:
The dimensionless variables such as
) is a constant of proportionality in the inverse density relationship ρ = A/R 2 . Then Equation (1) can be written in its dimensionless form:
Let us define E 0 = E s /Au 2 0 and J = 1 0 (1/2h f 2 + g/γ − 1)dx, then this equation can be abbreviated as:
E 0 represents the dimensionless form of the total energy E s . Differentiating this equation with respect to y, then:
, then Equation (3) combined with Equation (4) can give
Following Wei (1982) , the first order approximation of J 0 (1 + σ 1 y) = J 0 (1 + 4λ 1 y) is adopted to represent the total energy J because of the difficulty in solving higher order equations. Therefore,
The dimensionless variable y = u 0 /V s is solved from Equation (6) to give:
Here J 0 = 3/8, λ 1 = −0.1808, are obtained in solving the basic equations of ideal fluid (Wei, 1982; Wei, Yang, and Zhang, 1983) . The details about the process of solving these equations can be seen in these related papers. The integral of Equation (7) gives the transit time (TT) of the shock to reach a position R:
That is,
Here
and TT 0 is determined by the restriction of R = 0 when TT = 0. Following Wei (1982) , in order to demonstrate the contribution of the energy and background solar wind speed to the shock's transit time, we show the dependence of the transit time to 1 AU predicted by Equation (9) on the energy and solar wind speed in Figure 1 . It can be seen from Figure 1 (a) that the transit time decreases with the increase of the energy. Similarly, Figure 1 (b) reveals that the transit time decreases with the increase of the solar wind speed for a given total energy, especially for low energy cases. This demonstrates that the energy and solar wind speed are two important factors contributing to the shock's transit time to 1 AU. The transit time depends on the energy released in a specific solar event as well as on the background speed. Wei (1982) used this solution to analyze the shock's deceleration in the interplanetary space and pointed out that the deceleration process is nonuniform. The shock slows down only slightly at large heliocentric radial distances due to the convective effect of the solar wind, so that the shock could propagate far beyond 10-20 AU without any significant decay during this passage. This phenomenon can be confirmed by the observation that the shock velocity can reach 900 km s −1 at 7-16 AU as detected by Pioneer 10 and 11 following the big flare (3B, N22E38) on April 28, 1978 (Wei, 1982) . Wei and Dryer (1991) used Equation (9) together with the IPS observations to study the propagation characteristics of flare-associated interplanetary shocks. Also based on interplanetary scintillation (I) together with the dynamics of solar wind storm propagation (S) and fuzzy mathematics (F), the so-called "ISF" prediction method was proposed (Wei and Cai, 1990; Wei, Xu, and Feng, 2002; Wei, Cai, and Feng, 2003; Wei et al., 2005) to predict the start time of geomagnetic disturbances caused by solar wind storms traveling to Earth. In the ISF method, IPS observations are used to provide parameters (R s , T s , u 0 ). Here, R s stands for the heliocentric radial distance of the shock when it transits across the line-of-sight to fixed IPS radio sources, T s stands for the time of the shock's arrival at R s , and u 0 is the solar wind speed. Hence, the energy can be calculated from Equation (9) given (R s , T s , u 0 ). Then, this energy together with the solar wind speed u 0 are used as inputs to Equation (9) for predicting the shock's arrival time at Earth. In what follows, we try to directly estimate the energy released by a solar transient event based on observations at the Sun for the sake of real-time forecasting.
ESTIMATION OF THE ENERGY
The total energy of a solar event is naturally an important parameter for the propagation of interplanetary disturbances. Smith and Dryer (1990) performed a 2.5D MHD simulations on the interplanetary shock propagation and found that the net input energy determines the forward shock properties such as the transit time, strength, and angular extent at 1 AU. However, the total energy of a solar event is not readily available from direct observations. Some forms of proxy need to be adopted. The ISPM model (Smith and Dryer, , 1995 assumes that the total energy of the event is proportional to V 3 s (kinetic energy flux), and the dependence of the event energy on the longitudinal width ω and the duration τ of the initial pulse is also assumed to be linear. Based on these assumptions, Dryer (1990, 1995) established an empirical expression for the total energy of the event as by
here C and D are assumed to be constant with their values being 0.283 × 10 20 (erg m −3 s −2 deg −1 ) and 0.52 (hour) respectively; Also, an average of angular width ω A = 60
• is used in ISPM, and the duration time (τ ) longer than 2 hours is automatically truncated to 2 hours. Using the net energy from Equation (10) as input, the ISPM model successfully provides us a method of forecasting the shock arrival time. Therefore, it can be believed that Equation (10) is a good candidate for the net energy estimation for a specific solar event, which will be employed in our following discussion.
MODEL DESCRIPTION AND ITS TENTATIVE TRAINING
In this section, we first present our tentative results on the prediction of the arrival time based on Equations (9) and (10), and then provide a modification according to our test results and the observation. For training purposes, we have collected 165 solar flare interplanetary shock events that arrived at Earth during the periods of January 1979 to October 1989 (28 events) and February 1997 to August 2002 (137 events) from published papers (Smith and Dryer, 1995; Fry et al., 2003; McKennaLawlor et al., 2006) . In these papers, the STOA, ISPM, and HAFv.2 models have been used, respectively, to predict the arrival times of these shock events. The events without any geo-effects or shock arrival at near Earth space or those for which there exists no unique correlation between the solar event and the corresponding shock at 1 AU are excluded from our sample. Now we turn to our tentative prediction for the arrival time. First, the initial shock speed and duration of the event are inserted into Equation (10) to estimate the energy associated with the event (ω taken as 60
• ). Then the estimated energy together with the background solar wind speed are used to predict the transit time via Equation (9) for these 165 events. Let us look at the prediction error defined by TT = TT obs −TT pred , where TT obs and TT pred stand for the observed and predicted transit times. It is well known that the energy released by a solar event plays an important role in the shock's arrival. This motivates us to consider the relationship between the prediction error and the energy. Figure 2 gives the prediction error Figure 2 . The error in the predicted transit time ( TT given by Equation (9)) plotted versus lg(E 0 ). The solid curve denotes a quadratic fitting. plotted against the dimensionless energy E 0 . As expected, this figure demonstrates that the error has notable correlation with E 0 . The solid curve denotes the binomial fitting TT = 12.789 + 24.692 lg(E 0 ) + 10.8314[lg(E 0 )] 2 , which can well depict the correlation as seen. This correlation between TT and E 0 implies that it might be inappropriate to use Equation (9) alone. In fact, the origin of this defect may be twofold. On one hand, the magnetic field is neglected in our formulation. On the other hand, the IP shocks are treated as the blast wave in this analytic solution, which is not the general case after all. Especially, in the derivation of the analytic solution, only the first-order terms of energy were considered, and higher order terms were neglected as seen in Section 2.1. These might partially explain why TT given by Equation (9) are correlated with E 0 . As for other parameters such as the shock speed V s and background solar wind speed u 0 , no evident correlation between them and TT is found in the test. Taking account of all these arguments, we are now in a position to state that our new shock propagation model (SPM) for predicting the transit time is as follows:
where TT(E 0 ) = 12.789 + 24.692 lg(E 0 ) + 10.8314[lg(E 0 )] 2 , and E 0 is determined by Equation (10).
In the following, the SPM model will be used to predict the transit time for these 165 events, and comparisons of our results will be made with those of the other three prevalent models of STOA, ISPM, and HAFv.2.
Prediction Results and Comparisons
By applying the SPM model (Equations (10)- (11)) to the data set of 165 events, we compute the difference between predicted and observed transit time, i.e., TT spm = TT spm − TT obs . Here TT spm denotes the predicted transit time by the SPM model, and TT spm denotes its prediction error. The mean absolute error of this model is 14.32 hours for the total 165 events. The STOA model only gives the transit time prediction for 154 events among the total 165 events. While for the remaining events, STOA forecasts that the shock would not be able to arrive at Earth. The mean absolute error of the STOA model is 14.24 hours for these 154 events. In order to compare with the STOA model, we compute the mean absolute error of our SPM model for the same 154 events on which STOA can predict the transit time, and found that the mean error is 14.05 hours. Similarly, the ISPM model gives prediction for 118 events among the total 165 events with the mean absolute error of 14.06 hours. The mean error of our SPM model for the same 118 events is 13.29 hours. The HAFv.2 model predicts the shock transit time for 126 events among 165 events with the mean absolute error of 14.85 hours, and the mean error of our SPM mode is 13.98 hours for the same 126 events. The comparisons of the mean absolute error between the SPM model and the other three models are displayed in Figure 3 . The mean absolute errors of these models are nearly identical, which shows similar capability of forecasting the IP shock arrival time between these models. Figure 4 gives the histograms of errors in the predicted transit time ( TT) for the STOA, ISPM, HAFv.2, and our SPM models. These histograms show Gaussian distributions with a peak around zero. This property of approximate normal distribution demonstrates that the propagations of the IP shocks are mainly accounted for by these models and may be influenced additionally by other factors. However, other error sources, such as coronal density distribution, complex heliospheric environments, and solar wind inhomogeneities (Moon et al., 2002; Cho et al., 2003) , can also influence the propagation and arrival of IP shocks and may lead to complicated distributions of TT. And these error sources can explain, at least partly, the fact that the mean absolute errors of these four models are all above 12 hours.
As for the relative error of predictions, i.e., the prediction test for σ shows that the relative error of our SPM model is ≤10% for 27.88% of the total 165 events, ≤30% for 71.52%, and ≤50% for 85.46%. Table I shows the event percentage at different relative error range for the models of STOA, ISPM, and HAFv.2. The event percentage at the same relative error range for our SPM model is also given for the same events predicted by these three models. We can see from Table I that the performances of the four models in terms of relative errors are nearly identical as well.
For further comparing the prediction results of these models, we express the observed and predicted transit times of the shock in terms of the initial shock speed using a quadratic function ( Figure 5 ). The solid curve denotes the observed transit time (TT obs ). The shock transit time to 1 AU decreases as the initial shock speed increases, as expected. The other curves denote the predicted transit time by the four models. In this figure, the fitted prediction curves show a trend similar to the fitted observation curve, they all intersect at V s ≈ 900 km s −1 . This indicates that these four models have captured the dependence of transit time on the shock speed very well, and therefore the basic assumptions in these models have been vindicated. Particularly, the SPM prediction curve (dotted line) is closer to the observation curve (solid line) than the other three curves in both low-speed and highspeed ranges. This further demonstrates that our model is comparable to, or even a little better than, the other three prevalent models in forecasting the shock arrival time.
Conclusions
We have introduced a new model (SPM) for predicting the arrival time of IP shocks at Earth based on the analytic solutions about the propagation of blast waves in a moving medium with variable density. By a simple analytic solution, the SPM model uses the duration of the X-ray event, the initial shock speed, the background solar wind speed and the energy released in the solar event as input to predict the arrival time. In this model, the duration of the X-ray event and the initial shock speed are used to estimate the energy (like that in the ISPM model) of the solar event. Applying the SPM model to 165 solar events during the periods of January 1979 to October 1989 and February 1997 to August 2002, we found that the performance of our model is as good as those of the prevalent models of STOA, ISPM, and HAFv.2 in predicting the shock arrival time. Meanwhile, our SPM model expressed in analytic form can promptly provide us the arrival time if the duration of the X-ray event, the initial shock speed, and the background solar wind speed for a specific solar event are known, which are usually available by present solar observations. This demonstrates the feasibility of our model as one of the prediction methods in real-time space weather forecasting. However, like other similar arrival time prediction models our SPM model has also its own shortcomings. On the one hand, the SPM does not take into account of other factors, such as coronal density inhomogeneities, coronal holes, helmet streamers, structure of the heliospheric current sheet (HCS), interaction of disturbances, fluctuation in solar-wind speed, and their combinations, which would contribute to the shock's transit time to 1 AU (Heinemann, 2002; Moon et al., 2002) . On the other hand, not all solar transient phenomena can arrive at Earth because of the attenuation during their propagation in the interplanetary space and/or their propagation direction far away from the Sun-Earth line. In the other models like STOA, ISPM, and HAFv.2, some useful index (such as Ma and SSI), used as an indicator of confidence in the prediction, are adopted to evaluate whether a shock would arrive at Earth. These considerations should be included in a future study. The events without corresponding geo-effect or shock arrival are not included here.
Begin time: year month day (YYMMDD), and time in UT of the start of the metric type II radio burst. Source location: location of the associated optical flare. V s : velocity of the shock in the coronal, estimated from the type II frequency drift. τ : duration of the solar event, estimated from the X-ray flux. V sw : speed of the solar wind at L1 at the time of the solar event.
Flare classification: classifications of the associated X-ray and optical flares, when available. 
